We previously showed that the B cell leukemia cell line NALM-6 had the highest susceptibility among a number of leukemia cell lines to spiruchostatin B (SP-B), a potent histone deacetylase (HDAC) inhibitor. We also showed that SP-B-induced cytotoxicity depended on induction of apoptosis that was mediated by p21 waf1/cip1 expression. In the present study, we generated and characterized a stable, SP-Bresistant NALM-6 cell line (NALM-6/SP-B) by continuous exposure to SP-B, starting with a low SP-B concentration. NALM-6/SP-B cells were also more resistant to FK228, which has a similar chemical structure to SP-B, and were slightly more resistant to the P-gp substrates doxorubicin and vincristine than parental cells, but displayed similar susceptibility to other HDAC inhibitors and to paclitaxel as the parental cells. There was little change in the basal mRNA expression of HDAC1, p53, Bax, Fas, in NALM-6/SP-B compared to parental cells, but the mRNA expression of p21 waf1/cip1 was decreased. The introduction of an exogenous p21 waf1/cip1 expression vector restored SP-B induction of NALM-6/SP-B cell apoptosis. Moreover, overexpressed p21 waf1/cip1 enhanced SP-B induction of the apoptosis of the human erythroleukemia leukemia cell line K562 which is less susceptible to SP-B than NALM-6 cells. These results suggest that downregulation of p21 waf1/cip1
Introduction
The acetylation status of histones plays an important role in the regulation of gene expression by altering chromatin structure. Histone deacetylases (HDAC) facilitate a closed chromatin structure and hence transcriptional repression. HDAC function is commonly affected in human cancers. Therefore, inhibition of HDAC represents a novel therapeutic approach for cancer therapy. In our previous study, we compared the activity of structurally similar bicyclic depsipeptide compounds using a panel of 39 human cancer cell lines and found that spiruchostatin B (SP-B) was the most potent inhibitor of HDAC1 and displayed the most potent growth-inhibitory activity (1) .
The anti-tumor effects of HDAC inhibitors (HDIs) have been shown to be mediated by various signaling mechanisms. One such mechanism involves release of HDAC1 from its binding to the p21 waf1/cip1 promoter, including to the Sp1 sites on this promoter, which results in enhanced histone acetylation around these promoter sites and strong activation of the expression of the cyclin-dependent kinase inhibitor p21 waf1/cip1 (2) . p21
was initially identified as a cell cycle regulatory protein that can cause cell cycle arrest (3) . Therefore, p21 waf1/cip1 is a key gene expression target of HDI anti-tumor activity, and induction of p21 waf1/cip1 by inhibition of HDAC function is critical for HDI blockage of cell cycle progression (4) (5) (6) (7) . Indeed, we have shown that NALM-6, a B cell leukemia cell line that has higher expression of p21 waf1/cip1 mRNA compared with other typical leukemia cell lines, was susceptible to SP-B-induced cytotoxicity that depended on induction of apoptosis (8) . This result suggests that the introduction of exogenous p21 waf1/cip1 into human leukemia cells that have a low susceptibility to SP-B will enhance their susceptibility to SP-B.
There are several major problems with the use of anti-cancer drugs for the chemotherapy of cancer patients. One such problem
Characterization of cells resistant to the potent histone deacetylase inhibitor spiruchostatin B (SP-B) and effect of overexpressed p21
waf1/cip1 on the SP-B resistance or susceptibility of human leukemia cells
is the acquisition of drug resistance by tumor cells. Development of resistance to chemotherapy is therefore a major concern with any new therapy. It is well established that one mechanism of resistance to chemotherapeutic agents involves the expression of MDR1 (P-glycoprotein, P-gp), which can induce increased efflux of anticancer agents from tumor cells (9) . P-gp is a major contributor to the resistance of cancer cells to FK228, a chemical with a similar structure to that of SP-B (10-12). It has also been shown that treatment with other HDIs such as suberoylanilide hydroxamic acid (SAHA, vorinostat) can result in the acquisition of irreversible and multidrug resistance-independent HDI resistance in HCT colon tumor cells (13, 14) . To date, there has been no report on the establishment of an SP-B-resistant human leukemia cell line, characterization of such an SP-B-resistant cell line or determination of what molecule might reverse such resistance.
In the present study, we generated and characterized a stable, SP-B-resistant NALM-6 cell (NALM-6/SP-B) line by continuous exposure of the cells to SP-B, starting with a low concentration. We also tested whether introduction of exogenous p21
waf1/cip1 would reverse the SP-B resistance of NALM-6/SP-B cells, or enhance the susceptibility of the K562 human erythroleukemia leukemia cell line, which is less susceptible to SP-B than NALM-6 cells, to SP-B-induced apoptosis. The ultimate aims of this study were to better understand the acquisition of resistance or susceptibility to SP-B with a view of its clinical application for the chemotherapy of leukemia.
Materials and methods
Materials and cell culture. SP-B was prepared as previously described (1, 15) . Trichostatin A (TSA), sodium butyrate (NaB) and all other reagents, unless stated, were of the highest grade available and were supplied by either Sigma (St. Louis, MO, USA) or Wako Pure Chemical Industries, Ltd (Osaka, Japan). All cells were supplied by the Cell Resource Center for Biomedical Research, Tohoku University (Sendai, Japan). Cells were routinely cultured using standard methods as described in our previous report (16) .
Cytotoxicity and apoptosis. Cytotoxicity was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay, and apoptosis was estimated based on nuclear morphological observation using by our previously described method (17) .
Establishment of a spiruchostatin B-resistant cell line, NALM-6/SP-B. NALM-6/SP-B cells were obtained using a modification of a method for obtaining Ara-C-resistant cells (17) . NALM-6 parental cells were cultured in increasing concentrations of SP-B, starting at 0.1 nM. Viable cells were then passaged into a higher concentration of NALM-6 in 0.1 nM increments until a concentration of 6 nM SP-B was reached. NALM-6/SP-B cells were then maintained in complete RPMI-1640 medium containing 6 nM SP-B.
RNA isolation and quantitative real-time polymerase chain reaction (qPCR) assay. The mRNA expression level of p21 waf1/cip1 (GenBank Accession no. NM_000389.4), HDAC1
3) in NALM-6 or NALM-6/SP-B cells was quantified using the real-time polymerase chain reaction (qPCR) with a Light Cycler (Roche, Basel, Switzerland). Briefly, total-RNA was extracted from each cell line with the Isogen reagent (Nippon Gene, Tokyo, Japan) and 0.1 µg of total-RNA was then reverse transcribed to single-strand cDNA using the RverTra Ace ® qPCR RT Kit (Toyobo, Osaka, Japan). Aliquots of the cDNA preparations were subjected to qPCR analysis using SYBR ® Premix Ex Taq™ (Takara Bio, Shiga, Japan) to quantify the expression of each target gene and of the internal standard β-actin (GenBank Accession no. NM_001101.3) using Light Cycler. The primer pairs used were from the QuantiTect ® Primer Assay (Qiagen, Valencia, CA, USA) or were Takara Perfect Real Time Primers (Takara Bio). The results of all assays were checked with the melting curves to confirm the presence of single PCR products.
Plasmid constructs and transfection studies. The p21
waf1/cip1 gene was isolated from parental NALM-6 cells by PCR using KOD plus DNA polymerase (Toyobo) and was cloned into pcDNA 3.1 Directional TOPO ® Expression vector (Invitrogen), according to the protocol supplied by the manufacturer. Briefly, the sequences of the primers used were 5'-CACCATGTCAGAACCGGCTGG GGATG-3' for the upstream primer (sense strand, residues 126-147), and 5'-TTAGGGCTTCCTCTTGGAGAAGATC AGC-3' for the downstream primer (antisense strand, residues 593-620), both of which were synthesized by Operon (Tokyo, Japan), and which yielded a product of about 0.5 kb. PCR amplification was performed for 1 cycle at 94˚C for 2 min, which was immediately followed by 30 cycles of 15 sec at 94˚C (dissociation), 30 sec at 61˚C (primer annealing), and 2 min at 68˚C (extension). The PCR products were resolved by electrophoresis on a 1% agarose gel and the gel was stained with ethidium bromide and imaged. The identity of the PCR product was confirmed by direct sequence analysis. The open reading frame of p21 waf1/cip1 that was generated by PCR was then inserted into the pcDNA 3.1 expression vector. The obtained cDNA sequence was analyzed and confirmed to be identical with the reported sequence. Empty vectors were used as controls in the experiments.
NALM-6/SP-B or K562 cells were transfected with the pcDNA 3.1 plasmid DNA alone (Empty) or with pcDNA 3.1 containing p21 waf1/cip1 cDNA, using the Neon™ Transfection System (Invitrogen) according to the instructions provided by the manufacturer. Briefly, 70-90% confluent cells were harvested and then washed twice with PBS. Subsequently, 2x10 5 cells were transfected with 1 µg of plasmid in a volume of 10 µl using a Neon tip and electroporation. The conditions of electroporation were: 1,325 V for K562 cells or 1,410 V for NALM-6/ SP-B cells, a pulse length of 10 msec, and a total of 3 pulses. The cells were then cultured for 18 h without antibiotics and used for the cytotoxicity assay.
Western blotting. Changes in the expression level of the p21 waf1/cip1 protein were detected using western blotting as described in our previous report (18) . All antibodies used were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA).
Statistical analysis. Statistical analysis of the results was performed using a one-way analysis of variance (ANOVA) followed by the Williams' type multiple comparison test or a Bonferroni test among multiple groups. A p-value of <0.05 was considered statistically significant.
Results

Characteristics of SP-B-resistant NALM-6 cells.
We first established an SP-B-resistant cell line termed NALM-6/SP-B. We had previously calculated that 50% cell growth inhibition (IC 50 ) of parental NALM-6 cells by SP-B after 24 h of culture occurred at an SP-B concentration of 5.2 nM (8). We therefore aimed to develop NALM-6 cells that were resistant to SP-B concentrations of up to 6 nM. Whereas SP-B was cytotoxic towards the parental cells at concentrations of SP-B above 1 nM following incubation for 72 h, SP-B did not induce any significant decrease in cell survival of NALM-6/SP-B cells, even at SP-B concentrations of up to 6 nM (Fig. 1) . As indicated in Table I , the IC 50 of SP-B for NALM-6/SP-B cells was 5.9-fold higher than that for parental cells. We additionally compared the effect of other HDIs such as FK228, TSA and NaB, as well as the effect of several typical chemotherapeutic agents, on the growth of NALM-6 and NALM-6/SP-B cells. Although NALM-6/SP-B cells were more resistant to FK228 than the parental cells (4.8-fold higher resistance), the parental and resistant cells showed similar susceptibility to the effects of the other HDIs and of paclitaxel (Taxol; TAX). NALM-6/SP-B cells were slightly more resistant to the P-gp substrates doxorubicin (DOX) and vincristine (VCR) than the parental cells, but this increased resistance was not statistically significant. To further ascertain the characteristics of NALM-6/SP-B cells, we compared the mRNA expression of 9 genes related to cellular growth or apoptosis, including HDAC1, p21 waf1/cip1 , p53, Bax, Bcl-2, Fas, Cas-3, c-Myc, and MDR1 in NALM-6/SP-B and control NALM-6 cells using qPCR (Fig. 2) . The mRNA expression of p21 waf1/cip1 was significantly decreased in NALM-6/SP-B cells to less than half the level of parental cells, but the mRNA expression level of the other genes showed little difference between the two cell types. Thus, downregulation of p21 waf1/cip1 appeared to be a characteristic of NALM-6/SP-B cells that is important for their resistance to SP-B.
The introduction of exogenous p21
waf1/cip1 leads to the reversal of SP-B resistance. Fig. 2 shows that, of the mRNAs expression tested, only p21 waf1/cip1 mRNA expression was decreased in Table I . The cytotoxicity of anti-cancer drugs towards NALM-6 and NALM-6/SP-B. The cells were treated with the anti-cancer drugs for 72 h and subsequently cytotoxicity was assessed using the MTT assay. Data were calculated relative to each control group and are expressed as the concentration which results in 50% cell growth inhibition (IC 50 ). The range of values obtained is shown in brackets under each result. 10 and 30 nM was 99.8, 91.1, 88.4 and 10.2%, and 73.3, 62.7 , 47.5 and 3.4%, respectively. These data indicate that induction of exogenous p21 waf1/cip1 expression reversed the SP-B resistance of the NALM-6/SP-B cells.
The introduction of exogenous p21 waf1/cip1 enhances the susceptibility of another leukemia cell line to SP-B-induced apoptosis.
Our previous results indicated that the human erythroleukemia cell line K562 was considerably less susceptible to SP-B than typical leukemia cell lines (8) . Thus, the IC 50 of SP-B for K562 cells was more than 100-fold higher than that for the parental NALM-6 cells. To determine whether introduction of exogenous p21 waf1/cip1 expression improves the susceptibility of leukemia cells to SP-B, we transfected K562 cells with p21 waf1/cip1 and analyzed its effect on the susceptibility of these cells to apoptosis induced by SP-B (Fig. 4A and B) . As shown in the inset to Fig. 4A, the p21 waf1/cip1 protein was expressed in K562 cells 24 h after p21 waf1/cip1 transfection (K562/p21). Following SP-B treatment of K562 control cells (transfected with empty vector, K562/Empty), there was no significant induction of apoptosis by SP-B compared to non-treated cells at SP-B concentrations of up to 100 nM, although apoptosis of these cells was increased at an SP-B concentration of 300 nM. Apoptosis was induced by SP-B in K562/p21 cells in an SP-B concentration-dependent manner and apoptosis of these cells was significantly increased compared to K562/Empty cells at all SP-B concentrations tested between 10 and 300 nM (Fig. 4A) enhanced the susceptibility of K562 cells to SP-B.
Discussion
Our previous report showed that SP-B is the most potent HDI for a typical human leukemia cell line and further demonstrated that the expression of p21 waf1/cip1 plays a pivotal role in SP-B induction of apoptosis and in the resulting anti-tumor activity of SP-B (8) . In the present study, we developed and characterized SP-B-resistant NALM-6 cells, and, by comparing SP-B-resistant and -susceptible leukemia cells, showed that the introduction of exogenous p21 waf1/cip1 into cells reversed their SP-B resistance and enhanced their susceptibility to SP-B.
The SP-B-resistant NALM-6 cells we established were also resistant to FK228 (Table I ). All previously established FK228-resistant cells are highly resistant to FK228 compared with parental cells and this resistance depends on increased expression of the P-gp protein that is encoded by the MDR1 gene (10) (11) (12) . These previously established FK228-resistant cells acquired drug resistance within a short period (continuous culture for 1 to 3 months) compared with the SP-B-resistant cells that we established (continuous culture for almost 6 months). The SP-B concentration and the culture period necessary for acquisition of resistance to SP-B in this study suggest that it was more difficult to achieve SP-B resistance than FK228 resistance. Furthermore, SP-B resistance had little effect on MDR1 mRNA expression in NALM-6 cells. However, despite the fact that MDR1 mRNA expression of NALM-6/SP-B was nearly the same as that of parental cells (Fig. 2) , the NALM-6/SP-B cells displayed lower susceptibility to DOX and VCR, which are better substrates for P-gp, than the parental cells (Table I) . A previous DNA microarray analysis study indicated that the level of p21 waf1/cip1 is significantly decreased in DOX-resistant acute myelocytic leukemia cells (19) . This result suggests that a decline in p21 waf1/ cip1 contributes to lower sensitivity to DOX. Our data further showed that NALM-6/SP-B cells are slightly more resistant to VCR than parental cells, but show similar resistance to TAX. Both VCR and TAX are M-phase-specific drugs that stabilize microtubules. A previous study indicated that cytotoxicity and apoptosis induced by these agents were potentiated by overexpression of p21 waf1/cip1 in sarcoma cells (20) . In contrast, enforced expression of p21 waf1/cip1 in leukemia cells attenuated TAX-mediated apoptosis (21) . Thus, the involvement of p21 waf1/cip1 in the action of M-phase-specific drugs may be cell specific. Yamada et al (11) , using cDNA microarray analysis, showed that gene expression of p21 waf1/cip1 increased in FK228-resistant KU812 cells established from a patient with myeloid leukemia in blastic crisis. Unexpectedly, in our study, NALM-6/SP-B showed decreased p21 waf1/cip1 mRNA expression compared with parental cells (Fig. 2) . We propose that the underlying mechanism is as follows: SP-B has a stronger effect on p21 waf1/cip1 expression than other HDIs (8); therefore, continuous exposure of NALM-6 parental cells to SP-B might lead to counteraction of HDI effects on p21 waf1/cip1 expression, resulting in downregulation of p21 waf1/cip1 mRNA expression. Such a decrease may not occur following continuous exposure of cells to other HDIs, which have a lower effect on histone deacetylases, and therefore on p21 waf1/cip1 expression. As shown in Fig. 2, although endogenous p21 waf1/cip1 mRNA expression was decreased in NALM-6 cells that had acquired SP-B resistance, neither the mRNA expression of HDAC1 nor that of other transcription factors such as p53 or c-Myc, or of apoptosis-related genes showed any change. This HDAC1 result is in contrast to HL-60 human promyelocytic leukemia cells that are resistant to HDIs, which have been shown to possess significantly higher levels of HDAC1 than parental cells (22) . Several other studies in which p53 was assayed as a representative apoptosis-related transcription factor indicated that HDI-induced apoptosis involves the p53 pathway (23, 24) . In contrast, it has also been shown that HDI induces apoptosis through a p53-independent pathway in leukemia cells (25, 26) . Our result suggests that the SP-B resistance of NALM-6 cells does not involve p53 expression. Indeed, SP-B did not change p53 expression and pifithrin-α, an inhibitor of p53, and did not affect SP-B-induced apoptosis in either parental NALM-6 or NALM-6/SP-B cells (data not shown). The mRNA expression of the proto-oncogene c-Myc, in addition to that of p21 waf1/ cip1 , has been shown to be a useful indicator of the anti-tumor activity of FK228 (27) . Moreover, cDNA microarray analysis of a human acute T cell leukemia cell line (CEM) has shown that HDIs regulate not only c-Myc, but also other genes such as Bax, Bcl-2 and Cas-3 that are involved in the intrinsic apoptotic pathway (28) . Another study has proposed that FR901228 (also called FK228) can upregulate the Fas system in osteosarcoma cells, resulting in caspase activation (29) . However, as mentioned above, no significant change in the mRNA levels of these previously reported signals was observed in the SP-B-resistant NALM-6 cells. Here, we demonstrated that the decrease in p21 waf1/cip1 mRNA expression was a unique characteristic of the SP-B-resistant NALM-6 cells. This is how induction of apoptosis by SP-B in NALM-6/SP-B was reversed, by the introduction of exogenous p21 waf1/cip1 expression, which compensated for the decrease in endogenous p21 waf1/cip1 in the resistant cells (Fig. 3) . Recent studies have shown that p21 waf1/cip1 can mediate both pro-and anti-apoptotic functions in response to anti-tumor agents depending on the cell type and the cellular context (30) . As shown in Fig. 4A and B, overexpressed p21 waf1/cip1 enhanced SP-B-induced apoptosis in K562 cells. This result suggests that p21
waf1/cip1 has pro-apoptotic functions in K562 cells. Furthermore, the enhancing effect of exogenous p21 waf1/cip1 on the susceptibility of K562 cells to SP-B-induced apoptosis was stronger than its effect on the reversal of the resistance of NALM-6/SP-B cells to SP-B (Fig. 3) . In other words, overexpressed p21
waf1/cip1 could not completely reverse the resistance of NALM-6/SP-B so that it had the same level of SP-B susceptibility as the parental cells. Most studies on induction of apoptosis by p21 waf1/cip1 were reported using cells that expressed a non-functional p53 mutant (30) . It has already been reported that K562 cells harbor mutated p53 (31, 32) , and that NALM-6 cells express wild-type p53 (18, 32) . The ability of overexpressed p21 waf1/cip1 to enhance SP-B-induced apoptosis is assumed to depend on p53 status. Elucidation of the relationship between p53 status and p21 waf1/cip1 expression may lead to the establishment of effective SP-B chemotherapy for leukemia patients.
In conclusion, NALM-6 cells that were resistant to SP-B showed a unique decrease in the mRNA expression of p21 waf1/cip1 . The introduction of exogenous p21 waf1/cip1 not only reversed the SP-B resistance of these NALM-6 cells, but also enhanced the susceptibility of K562 cells to apoptosis induced by SP-B. Based on these results, introduction of exogenous p21 waf1/cip1 into tumor cells in a clinical setting should improve tumor resistance to SP-B or may lead to successful chemotherapy using SP-B. Our findings may be useful when establishing a therapeutic strategy using SP-B.
